The local thermal behavior of the Ag 2 O framework structure has been studied by extended x-ray absorption fine structure. The average Ag-O nearest-neighbor distance expands upon heating, while the Ag-Ag next-nearest-neighbor distance contracts. An original implementation of the cumulant analysis shows that the Ag-O expansion is a joint effect of potential anharmonicity and geometrical deformation of the Ag 4 O basic tetrahedral units. Accordingly, the negative thermal expansion of the lattice parameter in Ag 2 O cannot be explained uniquely in terms of rigid unit modes. NTE extending over large temperature ranges is frequently observed in framework structures [7] . Much interest has been recently aroused by ZrW 2 O 8 , whose lattice parameter regularly contracts from 0.3 to 1050 K [8] . Explaining NTE in terms of local structure and dynamics represents a challenging basic problem. The thermal expansion of framework structures results from the competition between a positive contribution of the potential anharmonicity and a negative contribution which is often attributed to a network folding induced by low frequency rigid unit modes (RUM) [9] . Although elegant and appealing, RUM theories still lack some relevant experimental checks. To this aim, it is important to directly measure the thermal expansion of nearest-neighbor bonds and the degree of rigidity of corner-sharing basic units. If low-frequency librational modes of rigid units are present in a crystal, the nearest-neighbor distance measured by Bragg diffraction is shorter than the average bond distance [10] . Attempts at assessing the bond thermal expansion in silicates [11] and in ZrW 2 O 8 [12] have been done through a refinement of Bragg spectra based on TLS (translation, librations, and screw) models, which however a priori assume the rigidity of the basic units [10] . In a more effective recent approach, the analysis of total neutron scattering allows one to exploit the information on the correlation embedded in thermal diffuse scattering [13, 14] .
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h ), in which each M atom (M Cu, Ag) is linearly coordinated to two O atoms, and each O atom is tetrahedrally coordinated to four M atoms. The cuprite structure can be described as a framework of two interpenetrating but independent networks of corner-sharing M 4 O tetrahedra [1] . Cu 2 O and Ag 2 O have been studied for several decades, due to their peculiar electronic and dynamic properties [2, 3] . The shear stiffness coefficients, measured for Cu 2 O and calculated for Ag 2 O, are unusually low, and increase with temperature. The cell parameter of Cu 2 O contracts when temperature is raised from liquid helium up to 200 K and is nearly constant from 200 to 300 K [4, 5] . A negative thermal expansion (NTE) has been recently measured also for Ag 2 O from 10 to 450 K [6] .
NTE extending over large temperature ranges is frequently observed in framework structures [7] . Much interest has been recently aroused by ZrW 2 O 8 , whose lattice parameter regularly contracts from 0.3 to 1050 K [8] . Explaining NTE in terms of local structure and dynamics represents a challenging basic problem. The thermal expansion of framework structures results from the competition between a positive contribution of the potential anharmonicity and a negative contribution which is often attributed to a network folding induced by low frequency rigid unit modes (RUM) [9] . Although elegant and appealing, RUM theories still lack some relevant experimental checks. To this aim, it is important to directly measure the thermal expansion of nearest-neighbor bonds and the degree of rigidity of corner-sharing basic units. If low-frequency librational modes of rigid units are present in a crystal, the nearest-neighbor distance measured by Bragg diffraction is shorter than the average bond distance [10] . Attempts at assessing the bond thermal expansion in silicates [11] and in ZrW 2 O 8 [12] have been done through a refinement of Bragg spectra based on TLS (translation, librations, and screw) models, which however a priori assume the rigidity of the basic units [10] . In a more effective recent approach, the analysis of total neutron scattering allows one to exploit the information on the correlation embedded in thermal diffuse scattering [13, 14] .
In this Letter we demonstrate that original experimental information on the local thermal properties of framework structures can be obtained by extended x-ray absorption fine structure (EXAFS). In particular, the thermal expansion of the nearest-neighbor distance is directly measured and the deformation of the basic units can be detected.
Easiness of temperature dependent measurements, selectivity of atomic species, and insensitivity to long range order make EXAFS particularly suited to study the thermal properties of the first coordination shells of a given x-ray absorbing atom, particularly high being the accuracy for the nearest-neighbor 1st shell. Position, width, and shape of the distributions of interatomic distances can be determined from EXAFS through a data analysis based on the cumulant expansion method [15, 16] , which yields the lowest order cumulants C ‫ء‬ i of the distribution for each coordination shell. First and second cumulants are average value and variance of the distribution, respectively. Higher order cumulants describe the deviation from the Gaussian shape as the effect of anharmonicity; in particular, the third cumulant measures the distribution asymmetry. Neglecting the third cumulant leads to wrong values of the interatomic distance. EXAFS is sensitive to the correlation of atomic thermal motion, measured by the mean square relative displacement (MSRD), which is conveniently decomposed into its projections parallel and perpendicular to the average bond direction [17] : ͗Du 2 ͘ ͗Du While Bragg diffraction measures the distance between average atomic positions, EXAFS, due to its sensitivity to correlation, measures the average interatomic distance, like diffuse scattering. The main advantage of the cumulant analysis of EXAFS over the conventional analyses of diffuse scattering is the ability to distinguish between anharmonicity and geometrical effects. To elucidate this point, let us recall the relations between EXAFS cumulants and MSRDs [16] . To deal with framework structures, we here extend the treatment from the well established case of pure translational motion to the case of pure librational motion. Let R 0 be the interatomic distance in an ideal classical crystal frozen at 0 K. The instantaneous bond distance is, to first approximation,
Relying on the quasiharmonic approximation, the second term on the right can be decomposed as Du k a 1 ͑Du k ͒ h , where a is the thermal expansion due to the anharmonicity of the effective pair potential, while ͑Du k ͒ h is a harmonic contribution. The first EXAFS cumulant is the average interatomic distance, C ‫ء‬ 1 ͗r͘; let us find its relation with the crystallographic distance R c measured by Bragg diffraction. For a pure translational relative motion, the three-dimensional harmonic distribution of relative distances is an ellipsoid, so that ͗Du k ͘ h 0, and
For a pure librational motion, the ellipsoid is curved along a spherical surface (the banana effect [10] ), so that
It is worth noting that a and ͗Du 2 Ќ ͘ have finite values at zero kelvin, reflecting the effect of zero point motion. In both cases of translation and libration, C
In agreement with Eq. (2), a larger thermal expansion has been measured by EXAFS in several crystals with respect to diffraction [18, 19] . In the case of germanium, the 1st-shell perpendicular MSRD ͗Du 2 Ќ ͘ was determined by comparing the EXAFS and crystallographic thermal expansions [20] .
According to Eq. (3), for a pure librational motion the bond thermal expansion measured by the 1st EXAFS cumulant is entirely due to the anharmonicity of the effective potential: dC ‫ء‬ 1 da. A procedure for connecting the quantity a to the 2nd and 3rd EXAFS cumulants has been developed by Frenkel and Rehr [21] on the basis of a perturbative quantum approach in quasiharmonic approximation and has been successfully tested for the 1st shell of germanium [20] . In the case of framework structures, this procedure gives the possibility of directly comparing dC ‫ء‬ 1 with da, thus evaluating the degree of rigidity of the basic units.
Contrary to other framework structures, in crystals with the cuprite structure the cations, which are more suited than oxygen for accurate EXAFS studies, are at the corners of the tetrahedral units. This allows one to obtain significant information not only about 1st-shell nearest neighbors, but also about 2nd-shell next nearest neighbors. The choice of Ag 2 O is related to a research program on fast-ionconducting silver-borate glasses in which Ag 2 O is present as modifier oxide [22] .
In this Letter we present the results of EXAFS measurements performed at the K edge of silver in Ag 2 O, in the temperature range from 7 to 500 K. A homogeneous sample was prepared by depositing a Ag 2 O powder on a polytetrafluoroethylene membrane. The sample thickness was chosen so as to have an edge jump Dmx Ӎ 1 at the K absorption edge of silver. EXAFS was measured in transmission mode at the beam line BM08 (Gilda) of ESRF (European Synchrotron Radiation Facility), Grenoble, using a silicon crystal with (311) reflecting faces. At least two spectra were collected at each temperature. The EXAFS signals were extracted from the experimental spectra, after a careful alignment of the energy axis, according to well established procedures [23] . The Fourier transforms of EXAFS signals are shown in Fig. 1 for selected temperatures.
The peak between 1 and 2 Å in Fig. 1 corresponds to the 1st coordination shell of Ag (two oxygens at 2.04 Å). The 1st-shell contributions to EXAFS at different temperatures, obtained by Fourier backtransform, were analyzed by the method of phase difference and amplitude ratio (ratio method) [15, 16] , using the 7 K spectra as reference for backscattering amplitude, phase shifts, and inelastic terms. The structure between 2 and 4 Å in Fig. 1 contains the single scattering contributions of both 2nd and 3rd shells of Ag (12 Ag at 3.34 Å and 6 O at 3.91 Å, respectively) together with possible multiple scattering (MS) effects. A simulation performed with the FEFF code [24] allowed us to assess that MS contributions are negligible and to evaluate the relative importance of 2nd and 3rd shell cumulants.
The relative values of the first four cumulants dC i C i ͑T ͒ 2 C i ͑7K͒ of an effective distribution of distances were the results of EXAFS analyses for both the 1st and 
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2nd coordination shells. The corresponding values dC
of the real distribution of distances were obtained assuming a photoelectron mean free path l 8 Å; the use of the ratio method allows one to neglect the dependence of l on the photoelectron wave number [15, 16] . Absolute values of the thermal contribution to the 2nd cumulants, C The [20] . The index "tr" indicates the translational contribution to the total perpendicular MSRD; the librational contribution cannot be obtained solely from EXAFS measurements. The ratio g ͗Du 2 Ќ ͘ tr ͗͞Du 2 k ͘ is about 9 at high temperatures. At high temperature, g should be 2 in the case of parallel-perpendicular isotropy, while a value 6 has been found for the 1st shell of germanium [20] . The high value of g indicates that the Ag-O bond, which is rather stiff with respect to stretching, is much looser with respect to bending. This result is consistent with diffraction measurements on Cu 2 O [25, 26] . The low-frequency modes responsible for the bond bending monitored by EXAFS cannot be identified with RUMs; the translational character of the perpendicular MSRD is instead a clear indication of a distortion of the Ag 4 O tetrahedra. The relative motion is isotropic within the plane perpendicular to the Ag-O bond; by halving the projection ͗Du 2 Ќ ͘ tr one gets its component along one direction (crossed squares in Fig. 3 ), which is qualitatively consistent with the high values of the 2nd-shell parallel MSRD. A quantitative evaluation of perpendicular and parallel MSRDs of the 1st and 2nd shells, as well as of the uncorrelated MSDs measured by diffraction, would require a reliable knowledge of eigenvalues and eigenvectors of the dynamical matrix within the entire Brillouin zone and is beyond the aims of the present Letter.
The twelve 2nd-shell Ag atoms can be grouped into two sets [27] : six atoms (type A) are connected to the central atom via the 1st-shell oxygen atoms and belong to the same network; the remaining six atoms (type B) belong to the other network (Fig. 4) . The 2nd-shell negative thermal expansion is consistent with recent diffraction measurements [6] . However, it cannot be attributed to the typical RUM mechanism, which contemplates the approaching between corner atoms belonging to different adjacent rigid units within the same network. Apart from the lack of rigidity of the basic units monitored by the 1st-shell EXAFS, the 2nd-shell distance refers to pairs of Ag atoms belonging to the same Ag 4 O tetrahedra (type A) or to different networks (type B). Although no definitive conclusions can be drawn on the basis of present results, it seems reasonable that a relevant contribution to the 2nd-shell NTE comes from an average approaching of Ag atoms belonging to different networks, consistently with the presence of empty sites in the intermediate space.
In conclusion, a positive and a negative thermal expansion have been measured by EXAFS for the 1st-shell Ag-O and 2nd-shell Ag-Ag distances, respectively, in Ag 2 O. It has been shown that a suitable cumulant analysis of EXAFS allows one not only to get information on the bond thermal expansion, but also to monitor the deformation of the basic units in framework structures. In the case of Ag 2 O, evidence has been found of the lack of rigidity of the tetrahedral units: the large value of the 1st-shell ratio ͗Du 2 Ќ ͘ tr ͗͞Du 2 k ͘ is consistent with a strong effect of low frequency relative perpendicular translational motion. The 2nd-shell NTE cannot be explained in terms of a simple RUM model. The present results cannot be trivially generalized to other framework structures, in view of the different nature of chemical bonds which determine the rigidity of structural units. They however suggest that EXAFS could be advantageously used to get original information on local thermal expansion, complementing other experimental techniques and providing independent tests of theoretical models.
